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The measurement of nuclear Overhauser effects ( I )  for determination of the three- 
dimensional structure of molecules in solution is rapidly gaining popularity. The 
buildup rate of the NOE depends on rP6, where r i s  the interproton distance. Mea- 
surement of the NOE buildup rates therefore provides a means to measure interproton 
distances. Most commonly, two-dimensional NMR expeiments are used for mmuring 
the NOES in complicated spectra of macromolecules that are in the slow tumbling 
limit (w, > I). To m m m  the true buildup rate, the 2D experiment has to be repeated 
for a series of mixing times, and the cross-peak intensity is monitored as a function 
of this mixing time (2-5). A complication commonly occurs iftwo protons, B and C, 
are close in space and a third proton, A, is dose to 3 but distant from C. In this case, 
a cross peak can be observed between A and C whch could be mistakenly interpretd 
as a direct NOE connectivity between A and C. Interpretation of the intensity of this 
cross peak generally Will lead to an erroneous AC distaxlce detemination, i.e., to an 
incorrect structure. En principle, the shape of the NOE buildup curve could be used 
to distinguish direct from relayed NOES. However, to obtain a useful buildup curve 
it is especially important to measure t h e  NOE for very short mixing times. For these 
short mixing times the cross peaks have very low intensities and consequently the 
sensitivity of this approach is poor. 

It is demonstrated here that direct and relayed NOES can readily be dtstinguished 
by using spin-locked NO€ spectroscopy (6, 7). Jn the spin-locked NOE experiment 
the NOE effect is always positive and increases with slower molecular tumbling. 
Therefore, cross p& due to dmxt NOE are always opposite in sign relative to the 
diagonal and consequentIy, cross peaks relayad via an intermediate nucleus will be in 
phase With the diagonal resonances. Of course, doubly relayed signals would be of 
opposite sign again but these resonances are usuaIly too weak to be detected unless 
very long mixing tinm are used. In 1Q NOE Merence spectra of small molecules 
{UT, < I )  this alternation of the sign of the NOE is commonly observed and is known 
as the ‘“threespin effect” (2 ) .  
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Consider as an example a proton (A) which is close to a methylene proton (B) but 
relatively far removed from the other methylene proton (C). Bemuse of the short 
interproton distance between B and C (E=: 1.7 A), the NOE between them builds up 
very rapidly. In the conventional NOE experiment a correlation between proton A 
and both methylene protons is generally observed unless very short mixing periods 
(resulting in low signal-to-noise ratios of the cross peaks) are used. In contrast, in the 
phase-sensitive spin-lwked NOE spectrum a negative cross peak (due to direct NOE) 
is expected between protons A and B, and a positive cross peak (due to relay) iS 
expected between A and C. We have calculated the crosspeak buildup in the spin- 
locked NOE experiment for a --spin system where the interproton distances are: 
 AB = 2.25 A; rAc = 3.20 A; rBc = 1.70 A; the ABC angle is 107". The intensities for 
this threespin system follow directly from solving the differentid equations: 

Figure 1 shows the NOE buildup for A and B, starting with MC = 1 and MA = MB 
= 0. Calculations refer to the situation where wrC = I .  1 and w = 3. I4 X lo9 (500 M H z  
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FIG. 1. simulation of the time aepenaenCe of resomw. intensities in a spirelockad NOE spectnua of 
three interacting Spins, A, 1, and C. Internu~lmr distances in angstroms are r, = 1.7, raa = 2.25, and rAc 
= 32 .  calcnlatiws refer to the situation where OT, = 1.1 at 500 MHz 'B frequency, The decay curve of 
the diagonal resonance of spin C ( d i d  line) and the buildup of the BC (broken k e )  and AC {do& line) 

peaks reflect the presence of intranuclear dipolar intexactions only. 
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'H frsquency). Cmresponding relaxation rates in s-' a ~ e  pA = 0.87, pa = 4-95, p c  
= 4.26, nm = 0.52, uAAC = 0.06, r x  = 2.72. Figure 1 shows that the BC NOE builds 
up very rapidly and reaches a maximum €or a miXing time of about 250 ms. For very 
short times of the m h g  period t h e  AC cross peak is very weak and opposite to the 
diagonal (MA) but for mixing times longer than 100 ms, the relay effect becomes mom 
iniense than the direct effect and the cross peak changes slgn. In Fig. 1, the AC cross 
peak reaches a maximum for a mixing t h e ,  of about I s; in pmdw proton A will 
interact with other protons too, resulting in a shorter value for Tlo, and the maximum 
relay intensity wdl then be reached at shorter mixing times. 

As an example, Fig. 2 shows cross d o n s  taken through the 2D spin-locked NOE 
spectrum of a 10 mMsolution of 5'-deoxyadenosylcobalmin (coenzyme Biz), obtained 
with a 200 ms mixing time. An analysis of fie complete spectsum is presented elsewhere 
(8). Figure 2a i s  a cross d o n  taken parallel to the F, axis at the Fz frequency of 
A 1 5H' and sham an intense NOE between A 1 5 R  and C 19H, and a very intense NOE 
between the geminal A 15H and A 1 5H" protons. Figure 2b show an NOE correlation 
between C 19H and A 15H' that is in phase with the diagonal peak (A 15W) and which 
therefore is due to d a y  via A15H'. Similarly, A8H shows a direct corrdation with 
A 1 5H' (Fig. 2b) and a very weak relayed interaction with A 15H (Fig. 2a). The section 
taken at the Fa frequency of C 19H shows, as expectad, direct correlation with A15H' 
and relay to A 15H". The relay peaks are more intense than some of the weaker direct 
NOES and proper identification of these relay effects is therefore essential. 

As discussed before (71, care has to be taken when recording spin-locked NOE 
experiments to minimize homonuclear Hartrnann-Hahn effects. Homonuclear Hart- 
rnann-Hahn rnagnetizatidn transfer occurs when the difkrence in effective rf field 
strength experienced by two scalar coupled spins is not much larger than the size of 
the scalar coupling. Et is therefore important to have a sizeable difference in effective 
rf field strength for the various coupled spins. This can be accomplished by using a 
relatively weak spin-lock field and by positioning the rf d e r  away fkom the center 
of the spectmm. We choose the rf field expressed in hertz to be twice as Strong as the 
largest offset frequency. Nevertheless, for coupled protons that resonate at nearby 
chemical shifts, Hartmann-Hahn effects are sometimes f i c u l t  to avoid. In this case, 
relay can occur via the Hartmann-Hahn mechanism and wdl result in a relayed cross 
peak that is also of opposite sign to the diagond. This type of relay will be referred to 
as coherent relay. As an example of coherent relay, Fig. 3 shows an F2 section taken 
through the m e  2D spectrum as the d o n s  of Fig. 2, displaying direct NOE con- 
nectivity between RIH (diagonal) and R2R. The cross peak with R3H is due to coherent 
relay from R2H to R3H; the distance between. RIB and R3H is well over 4 A. 

We have shown that relayed NOE effects are readily identified in spin-locked NOE 
spectra. Of course, relayed and direct NOE effects occur simdtaneously and it is 
possible that d a y  attenuates an observed direct NOE connectivity. For three spins, 
A, B, and C, the AC cross peak will be attenuatd significantly by relay only if intense 
AB and BC cross peaks are present. Thus, in this case quantitative interpretation of 
the AC cross peak intensity should be avoided. In conventional 2D NOE experiments, 
relay effects constitute a major problem and have been the main reason to record a 
series of 2D NOE spectra for different mixing periods. For spin-locked NO€ spec- 
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FIG. 2. Cross SectiOas taken through the spin-locked NOE spxiruna of a 10 mhl whtion of coenzyme 
BIZ in LhO, p H  2.1. The d o n s  have been taken at the F2 fresuency of (a) A15W, (b) A15H", and (c) 
C19H. The diagonal and relay resomcm point down; resonances due to direct NOE point up. Resonanca 
due to baseline distortion of nearby diagonal resonmcm are law Pr: remanm labeled N r e p m t  
cross pealGs with a resonance that is clm to the diagonal resonance. 


